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Abstract
The impact of soil moisture on convective precipitation, convective indices, surface energy balance com-
ponents, and near-surface meteorological variables is analysed for seven intensive observation periods of
the Convective and Orographically induced Precipitation Study (COPS) conducted in summer 2007 using a
non-hydrostatic limited-area atmospheric prediction model. The control runs are compared to sensitivity ex-
periments under dry (-25 %) and wet (+25 %) initial soil moisture conditions. In the wet experiment, surface
ﬂuxes produce moister and cooler boundary layers with increased equivalent potential temperatures. Further-
more, the lifting condensation level and the level of free convection are lowered for all analysed regions, even
under different synoptic controls. The comparison of boundary-layer and mid-tropospheric forcing regimes
reveal that the impact of soil moisture on the atmosphere is not systematically higher for boundary-layer
forcing. Whereas the Bowen ratio exhibits a clear dependence on soil moisture conditions, the impact on
precipitation is complex and strongly depends on convective inhibition. A considerable, but non-systematic
dependence of convective precipitation on soil moisture exists in the analysed complex orography. The results
demonstrate the high sensitivity of numerical weather prediction to initial soil moisture ﬁelds.
Zusammenfassung
Der Einﬂuss von Bodenfeuchte auf konvektiven Niederschlag, Konvektionsindices, Energiebilanzkompo-
nenten und bodennahe meteorologische Variablen wird fu¨r sieben Intensivmesstage von COPS (Convec-
tive and Orographically induced Precipitation Study, Sommer 2007) mit einem nicht-hydrostatischen at-
mospha¨rischen Vorhersagemodell untersucht. Sensitivita¨tsstudien mit trockenerem (–25 %) und feuchterem
(+25 %) Boden im Vergleich zum Referenzlauf zeigen bei erho¨hter Bodenfeuchte ku¨hlere Temperaturen und
eine erho¨hte Feuchte in der atmospha¨rischen Grenzschicht mit einer erho¨hten pseudopotentiellen Temper-
atur in Bodenna¨he. Das Hebungskondensationsniveau und das Niveau der freien Konvektion liegen in allen
betrachteten Teilregionen auch bei unterschiedlichen synoptischen Lagen tiefer als im Referenzlauf. Des Wei-
teren zeigt sich, dass der Einﬂuss der Bodenfeuchte auf die Atmospha¨re an Tagen mit schwachem synoptis-
chem Antrieb nicht systematisch sta¨rker ist als an Tagen mit starkem großskaligem Antrieb. Wa¨hrend fu¨r das
Bowen-Verha¨ltnis eine eindeutige Abha¨ngigkeit von der Bodenfeuchte vorliegt, ist der Einﬂuss auf den kon-
vektiven Niederschlag komplex und stark von der CIN (Konvektionsunterdru¨ckung) beeinﬂusst. Fu¨r die hier
analysierte Mittelgebirgsregion wird eine deutliche, aber nicht-systematische Abha¨ngigkeit des simulierten
Niederschlags von der Bodenfeuchte gefunden und damit die große Sensitivita¨t der Modellergebnisse von
den Bodenfeuchtefeldern aufgezeigt.
1 Introduction
Soil moisture is an important parameter in the soil-
atmosphere system, which inﬂuences the soil system’s
hydrology as well as the availability of humidity in
the planetary boundary layer (PBL) through evapora-
tive processes. PBL humidity is controlled mainly by
the energy balance at the Earth’s surface, large-scale
advection, and advection on the mesoscale exhibiting
a daily cycle. In situations with weak synoptic forc-
ing, the PBL characteristics and their impacts on the
triggering and/or dynamics of convective storms are
∗Corresponding author: Christian Barthlott, Institute for Meteorology and
Climate Research, Karlsruhe Institute of Technology (KIT), Hermann-
von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany, e-mail:
christian.barthlott@kit.edu
strongly inﬂuenced by the partitioning of available ra-
diation energy into sensible and latent heat, which in
turn is determined by soil moisture. Previous obser-
vational and modelling studies demonstrated that soil
moisture strongly contributes to the variability of sur-
face temperature and precipitation via the exchange of
water and energy between the land surface and the at-
mosphere (e. g. KOSTER et al., 2000). As was stated by
DAI et al. (1999), soil moisture may decrease the daily
temperature range by increasing daytime surface evapo-
rative cooling. Furthermore, mesoscale circulations gen-
erated by land-surface wetness inhomogeneities often
have a stronger impact than turbulent ﬂuxes on the for-
mation of clouds and subsequent precipitation (e. g.,
SCHA¨DLER, 1990; CHEN and AVISSAR, 1994; TAYLOR
et al., 2007). These circulations are generated by surface
sensible heat ﬂux gradients, which result from spatial
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variations in surface evapotranspiration, solar irradiance
reﬂection/absorption, and thermal energy storage in the
soil (CHENG and COTTON, 2004).
Given the importance of land-atmosphere feedback
for improving short- and long-term weather prediction,
it is essential to have a clear understanding of the pro-
cesses involved, as well as of their spatial and tempo-
ral variability (KOSTER et al., 2003). Previous studies
showed contradictory results for the existence and sign
of feedback, which may vary spatially and temporally.
According to the theory of the soil moisture-rainfall
feedback described by PAL and ELTAHIR (2001), wet
soil conditions lead to an increase in the PBL’s total en-
ergy (described by the moist static energy). This increase
is expected to result in an increase in the convective
available potential energy (CAPE). Regional climate
simulations on the continental scale reveal that higher
values of soil moisture lead to an enhanced amount of
evapotranspiration, which is supposed to be indirectly
responsible for more intense convective rainfall (SCHA¨R
et al., 1999). It is assumed that a positive feedback mech-
anism between initial soil moisture and future rainfall
exists: wet soils are associated with the buildup of shal-
low boundary layers with high values of low-level en-
tropy by concentrating the supply of heat and moisture
by the surface ﬂuxes into a comparatively small volume
of air (SCHA¨R et al., 1999; PAL and ELTAHIR, 2001).
This mechanism represents a source of convective insta-
bility. FINDELL and ELTAHIR (2003) used a 1D PBL
model to analyse the impact of soil saturation on PBL
development and the triggering of convection in differ-
ent atmospheric settings. They found on average a pos-
itive feedback between soil moisture and rainfall over
Illinois but demonstrated that, depending on the atmo-
spheric conditions, both positive and negative feedbacks
can be sustained. Furthermore, PAN et al. (1996) found
that in a humid atmosphere, an increase in soil moisture
decreased the rainfall due to insufﬁcient thermal forcing
to initiate convection. Rainfall was enhanced when the
lower atmosphere was thermally unstable and relatively
dry. Using a coupled one-dimensional land surface-PBL
model, EK and HOLTSLAG (2004) showed that decreas-
ing soil moisture may actually lead to an increase in PBL
clouds in some cases.
Whereas the above statements are valid for ﬂat terrain,
the inﬂuence of soil moisture on convective indices and
precipitation over complex terrain has been investigated
so far by few authors only. For example HOHENEGGER
et al. (2009) investigated the soil moisture-precipitation
feedback over the Alpine region by simulations with re-
solved and parameterised convection for one full month.
The two systems did not only yield different strengths
of feedback, but also different signs. The different feed-
back signs were found to be related to the presence of a
stable layer on top of the PBL. Dry initial soil moisture
conditions with 2.2 km grid spacing yield more vigor-
ous thermals which can break through the stable air bar-
Figure 1: COSMO simulation area (grey), including the COPS
domain (black rectangle).
rier more easily, thus leading to a negative soil moisture-
precipitation feedback (HOHENEGGER et al., 2009).
Initial observations using a newly installed soil mois-
ture network (SOMONET, Karlsruhe Institute of Tech-
nology, KRAUSS et al., 2010) in the region of a low
mountain range (Black Forest in southwestern Ger-
many) show that simulated and measured soil moisture
values may differ strongly (HAUCK et al., 2011). The
mean bias for most of the stations and measurement
depths lies around 20–30 %. As a consequence, the sim-
ulated turbulent ﬂuxes and boundary-layer characteris-
tics differ from the measured ones. It is expected that
under weak synoptic forcing the impact of soil mois-
ture on near-surface variables and PBL characteristics is
larger than for strong synoptic forcing. This hypothesis
will be investigated here by analysing different types of
convection forcing in orographically structured terrain.
In addition, the undetermined feedback between initial
soil moisture and convective processes mentioned ear-
lier will be examined. The speciﬁc questions addressed
in this study are:
1. How important is soil moisture to the amount of
convective precipitation over complex terrain?
2. To what an extent does soil moisture inﬂuence en-
ergy balance components and near-surface meteoro-
logical variables like temperature and humidity over
complex terrain?
3. How are convective indices affected by different soil
moisture contents over complex terrain?
4. Does the inﬂuence of soil moisture on convective
precipitation depend more on the type of synoptic
controls (i. e. weak or strong synoptic forcing) or the
individual terrain structure (mountain or valley)?
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Table 1: Hydraulic parameters of the different soil types (DOMS et al., 2007).
soil type 3
sand
4
sandy
loam
5
loam
6
loamy
clay
7
clay
8
peat
volume of voids 0.364 0.445 0.455 0.475 0.507 0.863
ﬁeld capacity 0.196 0.260 0.340 0.370 0.463 0.763
permanent wilting point 0.042 0.100 0.110 0.185 0.257 0.265
Table 2: Selected COPS IOPs with area-averaged initial volumetric water content (VWC in %) of the uppermost layer (0 – 1 cm) of each
reference run sorted by the predominating forcing mechanism.
IOP date type VWC VWC VWC VWC
COPS Vosges Rhine valley Black Forest
8b 15 July 2007 I 25.5 21.4 27.3 27.4
15a 12 August 2007 I 32.8 30.3 35.7 34.5
9c 20 July 2007 II 26.1 24.6 27.4 27.3
14a 6 August 2007 II 24.9 21.6 25.9 27.2
3a 14 June 2007 III 27.3 22.9 28.7 31.0
4b 20 June 2007 III 27.5 24.2 29.2 28.6
15b 13 August 2007 III 31.6 29.5 35.6 32.1
2 Method
To simulate the impact of soil moisture on convective in-
dices and precipitation, the non-hydrostatic limited-area
atmospheric prediction model COSMO (COnsortium
for Small-scale MOdeling, SCHA¨TTLER et al., 2009) is
used. The model employs an Arakawa C-grid for hori-
zontal differencing on a rotated latitude/longitude grid.
We use model version 4.0 in the standard conﬁgura-
tion used by the German Weather Service with a grid
spacing of 2.8 km and 50 vertical layers, which allows
for turning off the parameterisation of deep convection.
Shallow convection is parameterised using a modiﬁed
Tiedtke scheme. The model uses a six-class scheme,
including graupel for microphysics, a turbulent kinetic
energy (TKE) scheme for turbulence, and a two-time
level Runge-Kutta method for the dynamics. The surface
ﬂuxes of momentum, heat, and moisture provide for the
coupling between the atmospheric part of the model and
the multi-layer soil model TERRA-ML. A TKE-based
surface transfer scheme for the transport through the sur-
face layer is used (SCHA¨TTLER et al., 2009). Most pa-
rameters of the soil model (heat capacity, water storage
capacity, etc.) strongly depend on soil texture (Table 1).
Five different soil types are distinguished: sand, sandy
loam, loam, loamy clay, and clay. Ice, rock and peat are
incorporated additionally; hydrological processes in the
ground are not considered for ice and rock. Soil and the
atmosphere are coupled by precipitation and by the for-
mation of dew and rime as a source of water as well as
by evaporation and transpiration as a sink of water for
the soil. The loss of soil water by runoff is taken into
account as an additional sink. Exchange and transport
of water between the stores is assumed to occur via in-
ﬁltration, percolation, and capillary movement as well
as by melting of snow and by freezing of water in the
interception reservoir (DOMS et al., 2007). Initial and
Figure 2: The COPS domain with supersites V, R, H, M, S (see text
for abbreviations) and division into four boxes: COPS domain (black
rectangle), Vosges mountains (white, dashed), Rhine valley (black,
dashed), Black Forest (white, solid). Northern and Southern Black
Forest are separated by the Kinzig valley.
hourly boundary data come from the COSMO-EU fore-
cast of the German Weather Service (7 km grid spac-
ing), the initial time was 0000 UTC for all model runs.
All simulations were run over a forecast time of 24 h.
Besides Germany, Switzerland, and Austria, the simu-
lation domain (Fig. 1) contains smaller parts of neigh-
bouring countries covering an area of∼1300×1200 km2
(421×461 grid points).
To examine the impacts of varying soil moisture on
convective precipitation and convection-related parame-
ters over complex and heterogeneous terrain, a model
sensitivity study was performed with the COSMO
model. The evaluation of possible forecast improve-
ments with a more realistic (i. e. closer to observations)
soil moisture initialisation is beyond the scope of this
study. Seven intensive observation periods (IOPs) of
3
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Figure 3: COSMO soil types (colour code and numbers – 3: sand,
4: sandy loam, 5: loam, 6: loamy clay, 7: clay, 8: peat, > 8: water)
for the COPS domain. Black isolines indicate orography.
the Convective and Orographicallyinduced Precipitation
Study (COPS) were selected. The COPS international
ﬁeld campaign took place in southwestern Germany and
eastern France in summer 2007 (Fig. 2). The overall
goal of COPS was to advance the quality of forecasts of
orographically induced convective precipitation by four-
dimensional observations and modelling of its life cycle
(WULFMEYER et al., 2008; KOTTMEIER et al., 2008).
Five supersites with a large number of different observa-
tion systems were deployed along a transect through the
COPS region, named V (Vosges), R (Rhine valley), H
(Hornisgrinde), M (Murg valley), and S (Deckenpfronn
near Stuttgart). Two additional radiosonde stations at the
Karlsruhe Institute of Technology, Campus North (KIT-
CN) and Burnhaupt le Bas provided information about
the vertical structure of the atmosphere at the northern
and southern borders of the COPS region (Fig. 2).
At ﬁrst, a reference run (hereafter referred to as REF)
was performed with unchanged soil moisture values
coming from the 7 km COSMO-EU forecast for a se-
lection of seven COPS IOPs (Table 2). Apart from the
reference run, sensitivity experiments with dry (-25 %,
hereafter referred to as RED) and wet (+25 %, here-
after referred to as INC) initial soil moisture were con-
ducted. The value of 25 % was selected, because the
mean bias between soil moisture observations and op-
erational COSMO model values during COPS lies be-
tween 20–30 % in the area of interest (HAUCK et al.,
2011; see Section 1). When choosing a soil moisture
variation of ± 25 % instead of using the full range from
wilting point to ﬁeld capacity, the values are still close to
reality and extreme, nonsensical results can be excluded.
Note that this modiﬁcation was not done by subtracting
or adding 25 % volumetric water content (VWC in %),
but by multiplying the initial soil moisture values of the
reference run by 0.75 and 1.25, respectively. The change
in soil moisture is applied to the entire model domain in-
dicated in Fig. 1 and to all soil model levels. This keeps
mesoscale disturbances that may develop in tight soil
Figure 4: Relative change of the 24-h precipitation sum compared
to the reference run for the wet (top) and dry (bottom) experiments.
The respective forcing mechanism in each IOP is given in brackets.
Figure 5:Deviations from the reference run as a function of different
initial soil moisture contents for the COPS domain during IOP 15a.
moisture gradient belts outside of the area of interest.
In addition, none of the modiﬁed soil moisture values
reached the saturation or wilting point of the respective
soil type when subtracting or adding 25 % VWC.
The selected days were classiﬁed by the forcing mech-
anism predominating the triggering of convective pre-
cipitation (see KOTTMEIER et al., 2008): boundary-layer
forcing (type I: airmass convection), mid- and upper-
tropospheric forcing (type II: convection triggered by
synoptic-scale phenomena like fronts or pre-frontal con-
vergence zones), or a combination of both (type III, Ta-
ble 2). In order to detect possible regional differences
in the response to soil moisture variations, four boxes
were selected for the analysis (Fig. 2): (i) whole COPS
domain, (ii) Vosges mountains, (iii) Rhine valley, and
(iv) Black Forest. Soil hydraulic parameters and, as a
consequence, the terrestrial hydrological cycle, depend
strongly on the soil type and soil database used ( ´ACS
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et al., 2010). The soil types in the COSMO model with
the standard TERRA subsurface module (Fig. 3) show
mainly sandy loam (class 4) in the Vosges mountains,
loamy clay in the Rhine valley (class 6), and loam in the
Black Forest (class 5).
For the whole COPS domain, several convective in-
dices such as CAPE, convective inhibition (CIN), and
the lifted index were calculated in steps of 30 min. Re-
cent ﬁndings by BARTHLOTT et al. (2011, 2010) show
that in combination with a trigger mechanism, such as
orographic lifting or lifting by convergence lines, CAPE
and CIN can be suitable indicators of convective precip-
itation over complex terrain. CAPE and CIN were com-
puted by lifting a parcel that reﬂects the mean values
of the temperature and moisture in the lowest 50 hPa,
whereas the lifted index is surface-based (SLI). Addi-
tionally, the lifting condensation level (LCL) and the
level of free convection (LFC) were determined.
3 Results
3.1 Sensitivity of precipitation to soil moisture
In a ﬁrst step, the 24-h precipitation sum of all grid
points in the different control areas is analysed (Table 3).
Besides IOP 8b, simulating hardly any precipitation, the
increase or decrease of soil moisture by 25 % does not
inﬂuence the occurrence of precipitation itself. In all
control areas, precipitation is either intensiﬁed or weak-
ened, but the soil moisture variations of this magnitude
do not lead to an absence of precipitation. The amount
of increase or decrease in precipitation can reach large
values, e. g. the largest increase for the COPS domain
is 11221 l (IOP 9c). Our study aims at identifying the
soil-atmosphere feedback mechanisms and not the pos-
sible forecast improvements. For this reason, observed
precipitation is not included in Table 3. Note that not
all simulated precipitation is convective like on the days
with strong synoptic forcing. However, a distinction be-
tween stratiform and convective precipitation is beyond
the scope of the present study.
The soil moisture impact is also reﬂected by the rel-
ative change of precipitation (Fig. 4). However, none
of the control areas exhibits ﬁxed relationships between
precipitation and soil moisture when comparing all sen-
sitivity experiments. Even with similar forcing mech-
anisms, there is no systematic response to soil mois-
ture. An important result of this study is that even under
strong synoptic forcing, the impact of soil moisture on
precipitation can be quite strong. For example, the re-
duction of soil moisture in IOP 14a leads to a relative
increase of precipitation in the Black Forest of 243 %
(+1350 l).
Another ﬁnding resulting from Fig. 4 is that both
the increase and reduction of soil moisture can lead to
a lower precipitation amount (IOP 15a, PBL forcing).
This implies that the reference soil moisture ﬁeld of this
day probably acts as an upper threshold value and fur-
ther increase (from 33 % to 41 % mean soil moisture
within the COPS area) or decrease (from 33 % to 25 %)
inhibits convective activity. With a mean volumetric wa-
ter content of 33 %, the day under review exhibits the
maximum soil moisture of all analysed IOPs. These high
values may have suppressed strong rainfall due to insuf-
ﬁcient thermal forcing for convection initiation. In order
to analyse this phenomenon in more detail, additional
sensitivity studies were performed for this day with the
soil moisture being varied in steps of 5 % from –50 % to
+50 %. Due to the high computation expenditure, these
21 different simulations in total cannot be performed for
all IOPs analysed in this study. As the soil moisture is
restricted by saturation and wilting point, a negligibly
small portion of grid points was adjusted by the model
in the run with soil moisture increased by 50 %. Results
show that the daily precipitation sum increases with the
increase of initial soil moisture (Fig. 5). The maximum
amount of precipitation is simulated in the reference run.
Further increase of soil moisture leads to slightly lower
precipitation amounts ﬂuctuating at about 80-90 % of
the value of the reference run. The maximum precipita-
tion amount in the COPS domain is reached for a grid
point in the +25 % run. The overall trend shows a posi-
tive relationship of maximum precipitation to soil mois-
ture up to the increase of 25 %. Higher soil moisture ini-
tialisations do not lead to a further systematic increase
or decrease. The percentage coverage of the COPS do-
main by rain reaches its maximum at 15 % soil moisture
reduction. Higher soil moisture contents lead to less ar-
eas covered by precipitation. Despite the highest max-
imum precipitation amount at increased soil moisture,
the lower percentage of areas with precipitation in total
leads to a reduced accumulated precipitation.
In order to have a closer look at the regional variability
of precipitation, the precipitation deviations of the wet
and dry experiments from the reference run in the whole
COPS domain are given in Fig. 6. The lowest absolute
precipitation change due to soil moisture variations oc-
curs in IOPs 15a and 15b when the mean soil moisture
contents are largest. It can therefore be concluded that
if the soil already is fairly wet, the inﬂuence of an addi-
tional soil moisture increase is small (see also Fig. 5). In
IOP 8b, the absolute change of precipitation also is very
small for comparatively low mean soil moisture condi-
tions. However, in both sensitivity studies of IOP 8b,
this day did not show any deep convection due to the
presence of high CIN values. Therefore, the statement
above is still valid. The absence of a systematic impact
of soil moisture on convective precipitation is also re-
ﬂected by the fact that in all analysed IOPs, the increase
or decrease in initial soil moisture always leads to the
occurrence of regions with enhanced or reduced precip-
itation (Fig. 6). None of the precipitation ﬁelds exhibits
a systematic response in the whole area of investigation.
The spatial/temporal heterogeneity highlights the noisi-
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Figure 6: Precipitation deviation of the wet and dry experiments from the reference run for individual IOPs (a–g), and sum of absolute
precipitation deviation for all IOPs (h) in mm.
ness that is mainly related to the initiation and evolution
of individual storms. Even after integrating over space
and time (see Table 3), no systematic signal is detected.
It is also found that for some speciﬁc locations, both the
increase and decrease in initial soil moisture lead to a
reduced amount of convective precipitation (northeast-
ern Vosges in IOP 3a, southern part of the Black Forest
and south of it in IOP 4b, southwestern Vosges/Rhine
valley in IOP 14a), whereas no regions are found, where
precipitation is always enhanced. Another ﬁnding evi-
dent from Fig. 6 is that soil moisture variations can de-
termine whether a convective cell is initiated or not, as
can be seen from precipitation changes by cell tracks
during IOP 9c. In general, no dependence of the pre-
cipitation change on the model soil type (Fig. 3) can be
observed. Although speciﬁc locations with large sensi-
tivity to soil moisture variations exist during individual
IOPs, the sum of the changes of all IOPs does not reﬂect
any region with a considerably higher response to soil
moisture (Fig. 6 h). Obviously, the orography does not
play any key role on the days under investigation. Al-
though only a comparatively small amount of IOPs was
analysed in this study, the results show that soil mois-
ture is a parameter which needs to be represented well in
numerical weather prediction (NWP) models in the full
model domain. Hence, widespread accurate soil mois-
ture measurements and even assimilation of these data
in state-of-the-art NWP models are needed.
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Table 3: Simulated precipitation sum in l for the four control areas and sensitivity to initial soil moisture conditions.
IOP COPS Vosges Rhine valley Black Forest
RED REF INC RED REF INC RED REF INC RED REF INC
8b (I) 1.2 1.1 1.2 0 0 0 0 0 0 0 0 0
15a (I) 2501 5863 5325 130 1807 1255 211 1136 768 255 484 421
9c (II) 23202 22499 33720 4422 5122 7008 1138 2013 4693 7035 2752 5236
14a (II) 13797 17359 18088 3338 6549 7334 2075 2768 3768 1927 577 564
3a (III) 35388 34291 32308 7863 9322 8339 6775 3990 4011 9634 7640 6710
4b (III) 12901 13787 10289 4365 681 1383 3800 1093 1216 2561 8346 3329
15b (III) 5847 6614 6964 694 847 853 1383 1594 1562 2962 3287 3654
0-10% 10-25% 25-50% >50% white: increase   gray: decreaseCOPS
2.3 1.7 2.4 2.1 4.6 4.3 12.6 9.3 72.1 49.7 46.0 29.7 0.2 0.1 690.9 519.0 601.7 450.1 171.3 250.9 45.3 4.0 1.4 1.3
1.3 0.3 1.4 0.4 2.4 0.7 11.4 6.5 50.8 15.1 30.4 6.8 0.3 0.1 403.3 100.4 337.4 94.0 45.2 21.3 4.4 2.1 0.6 0.2
1.5 1.2 1.1 0.9 1.6 1.3 0.2 2.5 50.1 33.0 40.6 26.9 0.3 0.2 372.6 287.3 493.5 420.2 77.8 60.8 4.2 7.9 0.5 0.3
1.9 1.5 1.5 1.1 2.4 1.6 2.8 3.9 56.1 34.2 44.0 29.1 0.3 0.2 475.1 351.4 644.7 494.8 161.3 98.8 8.3 7.7 0.6 0.5
1.7 1.0 1.4 1.0 2.2 1.7 1.2 2.5 56.8 36.6 46.2 28.4 0.2 0.2 469.0 287.9 355.0 324.2 116.3 114.8 3.9 5.3 0.6 0.5
2.0 1.4 1.4 0.9 1.7 0.9 16.5 18.6 38.0 14.5 41.0 22.3 0.2 0.2 477.5 309.8 473.9 297.9 82.8 54.6 0.7 0.7 0.6 0.4
1.5 0.5 1.1 0.4 1.4 0.6 9.6 0.8 31.0 13.8 29.1 9.3 0.3 0.1 383.0 130.6 338.3 122.6 21.5 8.0 2.9 1.2 0.4 0.2
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Figure 7: Change of mean parameters in the COPS domain. Each sector of the ﬁgure gives the relative change of the wet and dry experiments
compared to the reference run in symbols and the absolute deviation of the mean value as a number beneath the symbols. Symbol size gives
the amount of the rate of change in %, white and grey denotes increase or decrease.
3.2 Sensitivity of near-surface variables and
convective indices
The reasons for the lack of a systematic relationship
between convective precipitation and soil moisture will
now be addressed by analysing the sensitivity of near-
surface variables and convective indices. The focus will
be put on mean values in the time period from 0800
to 2000 UTC. By concentrating on this period, the dif-
ferences between the individual sensitivity experiments
become more distinct. The said time period, however,
is shorter than in the analysis of the 24-h precipitation
sum of the previous section, because it is focussed on
the conditions for the triggering of deep convection. The
parameters analysed are the 2 m temperature (T2m), 2 m
speciﬁc humidity (q2m), 2 m equivalent potential tem-
perature (θe), surface net radiation (Q), sensible heat ﬂux
(H), latent heat ﬂux (V), Bowen ratio β, LCL, LFC,
CAPE, CIN, and the SLI.
As expected, soil moisture exhibits a positive re-
lationship to near-surface humidity and a negative re-
lationship to near-surface temperature (Figs. 7-10) in
agreement with e. g. DAI et al. (1999) and PAL and
ELTAHIR (2001). This holds for all dominant forc-
ing mechanisms and control areas. Mean temperature
changes are always below 10 %, whereas humidity
changes can reach values of 10–25 %. When soil mois-
ture is increased, θe increases as well, except for the
control area Black Forest in IOPs 4b and 15b. Assum-
ing that the conditions in the mid-troposphere remain
insensitive to soil moisture variations, this leads to an
enhanced potential instability by increasing the vertical
gradient of θe. The θe changes are always lower than
10 %. No systematic response to soil moisture variations
is found for the net radiation Q, but rates of change are
always smaller than 10 % in all control areas (except
for IOP 4b). Higher rates of change occur for the turbu-
lent ﬂuxes H and V. Again, with the exception of IOPs
4b and 15b in the Black Forest, the latent heat shows a
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Figure 8: As Fig. 7, but for the Vosges area.
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Figure 9: As Fig. 7, but for the Rhine valley.
positive relationship, whereas sensible heat shows a neg-
ative relationship to soil moisture. The COSMO model
always simulates an increase in H by more than 50 %
in all control areas, when soil moisture is reduced by
25 %. The largest increase occurs during IOP 8b in the
Vosges mountains, where the mean sensible heat ﬂux is
raised by 51 Wm−2. As a consequence of the heat ﬂux
changes, the Bowen ratio changed as well. Neglecting
the small decrease of β in the Rhine valley on IOP 3a,
the Bowen ratio always exhibits a negative relationship
to soil moisture. A reduced Bowen ratio indicates that
more available radiation energy is transformed into la-
tent heat and humidity is accumulated within the lower
PBL. As expected, the surface ﬂuxes produce moister,
cooler, and more shallow boundary layers in the wet ex-
periments than in the reference run and the dry experi-
ment.
A higher soil moisture results in a smaller dew point
depression by the reduced near-surface temperature and
increased humidity. As a consequence, a decrease in
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Figure 10: As Fig. 7, but for the Black Forest area.
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Figure 11: Number of grid points where CAPE> 800 J kg−1 and CIN ≤ 1 J kg−1 for the reference run and the wet and dry experiments of
all IOPs.
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Figure 12: Percentage of grid points for the four possible combinations of CAPE and CIN variations of the wet and dry experiments in the
control areas COPS (a), Vosges (b), Rhine valley (c), and Black Forest (d).
the height of the cloud base (Convective Condensation
Level CCL, LCL) and the LFC is expected. The results
show a negative relationship of LCL and LFC to soil
moisture (i. e. they are lower in the wet experiment) for
all control areas and all IOPs. This systematic behaviour
reaches rates of change of up to 25–50 % with a maxi-
mum absolute change for LFC of 696 m during IOP 8b
in the Vosges mountains. On the average, the LCL and
LFC are lowered in the wet experiment in the COPS do-
main by values of 467 and 475 m, respectively. In the
dry experiment, the average increase of both quantities
is similar (283 and 251 m).
By lowering the CCL, deeper clouds and an increase
in the magnitude of convective events can be expected
(PAL and ELTAHIR, 2001), if the presence of an inver-
sion at the PBL top does not suppress upward motion.
Previous studies showed that a signiﬁcant correlation be-
tween near-surface wet-bulb temperature and CAPE ex-
ists (WILLIAMS and RENNO, 1993) and that the prob-
ability of occurrence of storms and the average storm
rainfall increase linearly with the wet-bulb temperature
(ELTAHIR and PAL, 1996). The effects of soil moisture
on selected convective indices will be discussed in the
following section.
For all IOPs and control areas, CAPE shows a posi-
tive relationship to soil moisture. When comparing the
Vosges, Rhine valley, and the Black Forest, the largest
gain/loss rates occur on days with PBL forcing (IOPs 8b,
15a). The largest deviation from the mean value of the
reference run occurs in the COPS domain, where mean
CAPE is increased (decreased) by 251 (171) J kg−1 due
to the increased (reduced) initial soil moisture during
IOP 8b. The response of mean CIN values to soil mois-
ture changes, however, is not systematic. For most of
the analysed days and control areas, CIN is negatively
related to soil moisture. For a number of cases, however,
mean CIN is also reduced in the dry experiment (e. g.
IOP 8b, COPS domain). This means that CIN is not only
controlled by the boundary layer conditions, but to a cer-
tain extent by conditions and processes between the LCL
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and LFC, too. The analysis of individual grid point data
instead of box averages shows that CAPE depends on
near-surface θe, while the correlation of CIN with θe is
poor (not shown). These ﬁndings are in general agree-
ment with recent ﬁndings by KALTHOFF et al. (2011)
who analysed observational COPS data. The lack of a
systematic relationship between CIN and soil moisture
is supposed to be one of the reasons for the missing sys-
tematic relationship to precipitation (Fig. 4) when we as-
sume that the areas with higher CIN suppress convective
precipitation. The response of the lifted index (indicative
of the severity of thunderstorms) to soil moisture varia-
tions again is more obvious. Despite small increases in
SLI in the Vosges mountains during IOP 9c and in the
Black Forest during IOP 15 b, all experiments show a
negative relationship of SLI to soil moisture.
In general, the potential for the evolution of thunder-
storms is enhanced when CAPE values are high and CIN
is small. Hence, the occurrence of such optimal condi-
tions and its response to soil moisture variations are of
particular interest. For each sensitivity study, the num-
ber of grid points where CAPE > 800 J kg−1 and CIN≤
1 J kg−1 were counted for all control areas (Fig. 11). For
most of the analysed days, the number of such events in-
creases with increasing soil moisture, indicating a higher
potential for thunderstorms in the wet experiment. The
fact that this combination does not occur in IOPs 15a
and 15b can be explained by the comparably low CAPE
values present on these days. Besides IOP 8b, these two
days exhibit the lowest amount of precipitation of all
IOPs analysed (Table 3). Regarding the whole COPS do-
main, all IOPs show an increasing number of speciﬁed
CAPE-CIN combinations with soil moisture, whereas
some of the subdomains (Black Forest IOP 9c, Vosges
IOP 9c, Rhine valley IOP 8b) do not show this sys-
tematic relationship. Although a relationship between
the speciﬁed CAPE-CIN combinations and soil mois-
ture is found in the COPS domain, no systematic re-
sponse of convective precipitation to soil moisture could
be identiﬁed there. As was pointed out by GANTNER
and KALTHOFF (2010), the soil moisture-atmosphere
feedback may differ between the genesis and the modiﬁ-
cation of convective systems. A possible explanation of
the missing relationship is that a trigger process is still
needed to release the potential energy, even if the poten-
tial for thunderstorms is high. However, the impact of
soil moisture on the existence or strength of such a trig-
ger mechanism is not investigated in the present study.
For a more thorough investigation of the existence
of any systematic behaviour of CAPE and CIN in-
duced by soil moisture variations, the response of all
grid points in the respective control area was allocated
to one of the four possible combinations of changes
compared to the reference run (“↑” and “↓” represent-
ing increase and decrease, respectively): CAPE↓/CIN↓,
CAPE↓/CIN↑, CAPE↑/CIN↓, and CAPE↑/CIN↑ . The
percentage of grid points allocated to into these four
combinations for all control areas is given in Fig. 12.
When soil moisture is increased, higher CAPE and re-
duced CIN values occur at most of the grid points. For
the Vosges and Black Forest areas, however, the max-
ima are not always well pronounced, i. e. below 35 %.
In these two control areas, the distribution of the com-
binations is dominated (> 50 % of the cases) in four
(Vosges) and three (Black Forest) of seven IOPs only.
The distributions of the dry experiments have their
maxima in the class with lower CAPE and higher CIN
values with the exception of the Vosges mountains in
IOP 8b, where the maximum is found in the class with
both reduced CAPE and CIN. Although the mean be-
haviour for the whole COPS domain is in agreement
with the general assumption of CAPE and CIN mod-
iﬁcation, the results show that when analysing sub-
domains of orographically structured terrain (valleys
and mountains), other combinations may have high
probabilities of occurrence or even a different leading
relationship can be observed. Consequently, no general
statement for the soil moisture-atmosphere feedback can
be made like wet soils lead to higher CAPE, lower CIN,
and more precipitation at least over complex terrain and
under different forcing mechanisms.
4 Summary and conclusion
The simulations presented in this study demonstrate that
soil moisture has a considerable impact on convection-
related parameters over complex and heterogeneous ter-
rain for the seven analysed COPS IOPs. Soil moisture
variations of ±25 % can lead to precipitation changes
larger than +500 % in the region of a low mountain
range or up to –57 % in the whole COPS domain, in-
cluding two mountain ranges and the Rhine valley (∼
205×190 km2). In the wet experiments, surface ﬂuxes
produce moister and cooler boundary layers with in-
creased equivalent potential temperatures, and lowered
mean LCL and LFC. This systematic behaviour is inde-
pendent of the location and even of the synoptic con-
trols. Additionally, the potential for thunderstorms is
higher in the wet experiment. This ﬁnding is also sup-
ported by a lower CCL in the wet experiment caus-
ing deeper clouds and a reduction of the lifted index,
which is indicative of the severity of thunderstorms.
The assumption of dry soils producing lower CAPE val-
ues than wet soils is not valid for all control areas and
cases analysed and, hence, cannot be generalised, at
least over complex terrain. However, most of the mean
CAPE values increased with increasing initial soil mois-
ture and the classiﬁcation into four possible combina-
tions of CAPE/CIN modiﬁcations shows a maximum for
increased CAPE values with reduced CIN. The fact that
this trend is not observed in all locations is of particular
relevance to high-resolution forecasts.
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Regional analysis of precipitation change due to soil
moisture variations revealed that in the orographically
structured and heterogeneous terrain no regions can be
identiﬁed which are more sensitive to soil moisture than
others. A considerable, but not systematic dependence
of convective precipitation on soil moisture was found
for the precipitation sums of four control areas. The
complexity of the soil moisture-atmosphere feedback
is also reﬂected by the existence of a systematic rela-
tionship for a number of analysed variables, while for
others (e. g. net radiation, CIN) no systematic relation
was found. Obviously, the mechanisms to initiate con-
vective storms over complex terrain are nonlinear and
only partly controlled by surface conditions. One rea-
son could be the non-systematic dependence of CIN on
soil moisture, because CIN is assumed to be a factor
controlling convective precipitation. It is also found that
the impact of soil moisture is not systematically higher
for PBL-driven regimes than for synoptic-scale forcing
mechanisms, at least for the seven IOPs analysed in this
study. Finally, it was found that the inﬂuence of increas-
ing soil moisture remains small when the soils are quite
wet already.
The high, but non-systematic sensitivity of precipita-
tion to soil moisture over complex terrain demonstrates
the particular importance of initial soil moisture ﬁelds in
numerical weather prediction models. A realistic repre-
sentation of soil moisture in these models can improve
quantitative precipitation forecast. Therefore, the impact
of observed soil moisture on the quality of precipitation
forecasts in the COPS region will be analysed in a next
step. In addition, the triggering of convection caused by
soil moisture patterns could be examined by analysing
convection initiation events along domain edges where
soil moisture gradients occur. A separation between con-
vective and stratiform precipitation based on the hori-
zontal structure (granularity and intensity) of precipita-
tion systems (e. g. STEINER et al., 1995) may be used to
examine the sensitivity of different types of precipitation
to soil moisture.
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